Overview of C-2 field-reversed configuration experiment plasma diagnosticsa) Rev. Sci. Instrum. 85, 11D836 (2014) Conventional field-reversed configurations (FRCs), high-beta, prolate compact toroids embedded in poloidal magnetic fields, face notable stability and confinement concerns. These can be ameliorated by various control techniques, such as introducing a significant fast ion population. Indeed, adding neutral beam injection into the FRC over the past half-decade has contributed to striking improvements in confinement and stability. Further, the addition of electrically biased plasma guns at the ends, magnetic end plugs, and advanced surface conditioning led to dramatic reductions in turbulence-driven losses and greatly improved stability. Together, these enabled the build-up of a well-confined and dominant fast-ion population. Under such conditions, highly reproducible, macroscopically stable hot FRCs (with total plasma temperature of $1 keV) with record lifetimes were achieved. These accomplishments point to the prospect of advanced, beam-driven FRCs as an intriguing path toward fusion reactors. This paper reviews key results and presents context for further interpretation. V C 2015 AIP Publishing LLC.
I. INTRODUCTION AND MOTIVATION
A field-reversed configuration (FRC) is a high-beta, prolate compact toroid (CT) embedded in a predominantly selfgenerated poloidal axisymmetric magnetic field with little or no toroidal field.
1,2 The engineering beta value of these topologies is near unity, i.e., hbi ¼ 8phpi/B e 2 $ 1, where hpi is the average plasma pressure and B e the externally applied magnetic field. In principle, this permits a compact reactor with high power density. Moreover, the low interior magnetic field provides for a considerable indigenous fraction of large orbit particles and enables the capability to burn aneutronic fuels. Since the FRC topology is generated by the plasma's own diamagnetic currents of sufficient strength to reverse the forward magnetic field, the configuration only requires solenoidal coils located outside of a simply connected pressure vessel. This elegant geometry greatly facilitates engineering and maintenance. Furthermore, the core plasma is enclosed by a scrape-of-layer (SOL) that coalesces into axial jets beyond each end of the FRC and forms a natural linear divertor. This allows for convenient unrestricted removal of power (possibly with direct conversion to electricity), ash, and impurities. Further, FRCs can be readily translated, collided, and merged, 3 permitting convenient separation of formation and burn regions, which in turn promotes the most optimized engineering solutions and material choices for each.
As an improvement upon conventional FRCs, advanced beam driven FRCs have been proposed as a means to improve the confinement and stability. 4, 5 The rationale rests on the conjecture that energetic large orbit particles are mostly immune to micro-turbulence driven transport and provide a stiffening effect that improves macro-stability as well. [6] [7] [8] [9] [10] An essential ingredient for achieving this High Performance Field-reversed configuration (HPF) state is the tangential injection and retention of fast ions via neutral beams (NBs) to produce significant fast-ion pressure, comparable to the thermal plasma pressure. This concept can naturally extend to an envisioned reactor where the beams also contribute to current drive, plasma heating, and fueling.
These aggregate advantages have motivated a longstanding interest in developing the FRC towards a compact magnetic fusion reactor with neither toroidal field coils nor a central solenoid. Broad-based reviews have mapped pathways and milestones towards this goal. In the recent past, two US Department of Energy-sponsored studies outlined scientific issues needing resolution in toroidal systems, including the FRC, namely, the Toroidal Alternates Panel report (2008) Relative to the FRC, these studies defined scientific goals to be achieved within about two decades. The FRC relevant goal was summarized as "demonstrating that a compact toroid with simply connected vessel can achieve a stable, long-pulsed plasma at kilovolt temperatures with favorable confinement scaling to proceed to a pre-burn CT plasma experiment." These studies recognized this as a highly ambitious objective, requiring notable extrapolations in stability, confinement, and sustainment, in short "new physics." In particular, five scientific challenges were identified: (1) Understand global stability at low collisionality with large S $ R s /q i ! 30 (FRC radius Ä Larmor radius in the external field), (2) measure and identify the energy transport process and ascertain whether it has favorable scaling to high temperatures, (3) establish the viability of energy-efficient sustainment at large S consistent with good confinement, (4) overcome theory and simulation challenges posed by highbeta and kinetic (large orbit) effects, including any connection to the anomalous transport in early experiments, (5) develop a mature diagnostics capability, overcoming the unique challenges in adapting existing tools. To address these challenges, the studies recommended construction and operation of a larger-size, well-diagnosed FRC research facility capable of current drive and heating by rotating magnetic fields (RMFs) or neutral beams.
At about the same time as the foregoing scientific challenges were identified, Tri Alpha Energy (TAE) embarked on early experiments on C-2, its then new beam-driven FRC facility.
3 C-2 was designed as a test bed for studying basic questions related to beam-driven FRC physics. It is, therefore, no great surprise that most of the issues highlighted by the two studies resembled key objectives for C-2. Indeed, the only issues not planned for investigation in C-2 were large-S behavior and rotating magnetic field current drive. Instead, C-2 focused toward a small-S FRC reactor manifestation, in line with the inherent advantages 6 of highly kinetic FRCs driven by neutral beam injection (NBI). In particular, C-2's key objectives were (1) Design for a rapid learning cycle, i.e., high shot rates (discharges every 10 min) so as to enhance physics learning via development of a large experimental database (to date over 40 000 discharges on C-2). (2) Achieve plasma lifetimes longer than 5 ms with high reproducibility. The intent was to exceed all relevant time scales, such as confinement and charge-exchange times, as well as possible instability growth times. Again, repeatability is essential for efficient data interpretation. (3) Apply tangential NBI and develop an understanding of fast particle effects on stability and transport, consistent with the central tenet of TAE's concept. During a half-decade or so of experimentation on C-2, dramatic advances were made in formation and overall operation of beam-driven hybrid FRCs, as well as in confinement and stability. Figures 1 and 2 illustrate some of the key advances made on C-2. Figure 1 summarizes the improvement in the lifetime of the plasma diamagnetism over the course of the C-2 experiments, from late 2008 to early 2014. Plotted is the normalized excluded flux radius of the plasma (approximating the separatrix radius) versus discharge time. The notable improvements correlate with distinct operational conditions, distinguished by different equipment and operating techniques, such as edge biasing, neutral beams, and gettering agents. The slope of the mostly decaying traces is proportional to the overall loss rate, and shows a clear flattening and smoothing as the operational methodology advanced, reflecting improvements in confinement and stability. Observe that the trace labeled "HPF14" exhibits a temporary phase (up to 1 þ ms) where the radius actually FIG. 1. Excluded flux history for several C-2 shots, normalized by peak excluded flux radius. [13] [14] [15] [16] FIG. 2. Improvements in total energy and particle confinement times. [13] [14] [15] [16] increases. This is consistent with a sustained flux profile for up to 1 ms, and looks especially promising for a future sustainment experiment. Correlated with that is a parallel improvement in global energy and particle confinement times, as detailed in Fig. 2 . Again, the positive evolution clearly correlates with improving, but distinct experimental regimes. Each data point is ensemble-averaged over many shots with error bars indicating the data spread. Notice that the latest (2014) data point shows a stronger improvement in energy relative to particle confinement, indicating an additional reduction in non-convective thermal losses.
Overall, successful operation of the C-2 FRC facility demonstrates mastery of FRC formation via fast collisional merging, long-lifetime plasma evolution, the benefits of fast ions from NBI, and the engineering integration of major subsystems.
3, 13 More importantly, extensive performance optimization led to the discovery of the HPF regime, 14, 15 which is achieved by a synergistic interaction between edgebiasing, neutral beams (and the fast ion population it creates) and surface gettering. The main characteristics of the HPF regime include: (1) macroscopically stable discharges (lifetime only limited by transport), (2) excellent shot-to-shot reproducibility, (3) dramatically reduced transport rates (up to an order of magnitude lower than the non-HPF regime), (4) minimized radiative losses, (5) record diamagnetism lifetimes (exceeding 5 ms), (6) coupled FRC-core-to-SOL transport paradigm (a double transport barrier, intercoupling core and SOL physics), and (7) emerging global energy confinement scaling with strongly favorable temperature dependence. Together these achievements anticipate sustainment techniques to be exploited and further enhanced in future TAE facilities. Heating, current drive, and overall sustainment appear to be within reach by a selective upgrade of C-2's current capabilities. This paper, summarizing key C-2 results, is organized as follows. Section II A is a brief overview of the machine design. Section II B discusses formation from separate theta-pinch sources to collisional merging in the central confinement chamber, while Sec. II C describes equilibrium characteristics of this FRC, now a suitable target for NBI.
Section II D summarizes fast-ion effects, followed by an overview of stability and confinement in Secs. II E and II F, respectively. Section III briefly introduces near-future next steps and associated goals. Finally, Sec. IV presents a summary and conclusions. Both divertors house coaxially mounted plasma guns of the AMBAL type 17, 18 as well as concentric ring electrode sets for edge biasing and radial electric-field control.
A series of magnets, placed along the length of the device, generate a quasi-static axial magnetic field, B z , throughout. Some of the coils provide the external magnetic-field essential for radial equilibrium in the central section. Higherfield "mirror" coils between the central and formation sections contribute to axial equilibrium. Others provide the bias field in the formation sections and, past formation, the necessary field to guide the end-streaming plasma jets into the divertor chambers. The typical field strength in the central section is B z $ 1 kG, with the mirror coils creating a mirror ratio of $3.5. Formation-section bias fields, B FS , typically operate in the 0.5-1.1 kG range. In addition, there are magnetic "mirror-plugs" (i.e., "plug" mirror coils) between the formation and divertor sections that can produce strong magnetic fields (B plug ) up to $20 kG, a plug-mirror-ratio (R p ¼ B plug /B z ) up to $20. The mirror-plugs play an important role in reducing the particle end loss from the SOL, as FIG. 3 . Schematic of the C-2 facility and main components.
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will be discussed. They are also effective for reducing neutral-gas backflow from the divertor chambers. Figure 4 illustrates computed magnetic flux and density contours during the equilibrium phase of C-2 operation.
In order to reduce the impurity concentration and control recycling, C-2 was outfitted with titanium and/or lithium gettering systems. These provide line-of-sight wall coating capability for about 80% of the inner surface area of the central and end divertor sections. Reducing the neutral load in the peripheral regions is critical for trapping and long-time retention of injected fast ions, since a large portion of their trajectory paths lies in the periphery. In a typical C-2 discharge without gettering, the dominant impurities are oxygen, carbon, and nitrogen, mainly from the chamber walls and formation sections. Both Ti and Li-gettering have significantly reduced neutral recycling (based on D a emissions at k $ 656 nm) by a factor of 4-5 compared to shots without wall conditioning. 20 In addition, survey spectrometry of gettered shots also indicates a large reduction in impurity concentration. Indeed, recent measurements with optimal HPF operation and lithium wall coating reveal a very clean core plasma with Z eff $ 1.28.
21
AMBAL-type plasma-guns are mounted coaxially in each divertor, as illustrated in Fig. 4 . These generate a warm (electrons T e $ 30-50 eV, ions T i $ 100 eV), tenuous (n e < 10 19 m
À3
) plasma stream. The typical anode-to-cathode voltage difference is $500 V and the gun arc-current is $10 kA. The guns perform multiple functions: (1) create an inward radial electric field in the SOL 15 (important for n ¼ 2 rotational stability), (2) establish electromagnetic shear in the SOL (effective to suppress local fluctuations), and (3) tightly center the plasma (less n ¼ 1 wobble motion) via linetying to the gun electrodes. C-2 is outfitted with up to eight NBs (20-40 keV hydrogen, $4 MW total), distributed around the azimuth and along the central section of the machine, as illustrated in Fig. 3 . 22 All beams are injected perpendicular to the confinement chamber and aimed in the ion-diamagnetic drift direction along a chord that misses the axis by $0.19 m (impact parameter). The fast ions, created by charge exchange, trace out large-scale betatron orbits that contribute to the plasma current and build up a fast-ion population with pressure eventually comparable to the thermal pressure. In HPF operations, these conditions produce efficient NB injection with shine-through and first orbit losses under 15% during the early part of the discharge. Table I summarizes the C-2 diagnostics, a comprehensive suite 23 of over 60 individual systems on 137 vessel ports and recording well over 1000 channels of data from every discharge. These include, among others, time-and spaceresolved Thomson scattering, 24 CO 2 /HeNe 25 and dispersion 26 based interferometry, magnetic diagnostics, 27 assorted spectroscopic systems (charge-exchange recombination spectroscopy, 28 D a /H a , 29 Doppler, 30 vacuum ultraviolet 31 and survey spectrometers), bolometry, 32 fast ion diagnostics (including neutral particle analyzers (NPAs), 33 neutral particle bolometer arrays, 34 neutron detectors, 35 for magnetic profiles and via far-infrared (FIR) laser-based forward-scattering density fluctuations measurements, 37 reflectometry for density and fluctuation imaging, 38 as well as a host of plasma probes. 39 These systems provide corroborated methods to interpret many details from experiments: (1) structure and evolution of the density, temperature, and magnetic field profiles; (2) bulk plasma motion and shape evolution; (3) temporal and spatial resolution of impurity concentrations and plasma flows; (4) imaging of fluctuations in the core, over the plasma surface, and into the SOL; (5) detailed time-and space-resolved fast-ion behavior; as well as a host of other inferences. In addition, there are over 10 000 streams of engineering data that cover all operational aspects of the machine during, before, and after a discharge. The entire data acquisition system is fully integrated with the control system and almost all discharge data are automatically post-processed within minutes following a shot and logged in a customized MDSplus tree and associated relational database. Aside from interpreting present experimental results, these data may be amenable and important for further knowledge discovery and devising possible feedback control.
B. Initial FRC formation
Large FRCs are produced in C-2 by collision merging of two CTs.
3,13 Figure 5 shows the evolution of the excluded flux radius obtained from a magnetic probe array in the hpinch formation and central sections. Time is measured from the instant of field reversal in the h-pinches, and distance is relative to the system midplane. Multi-gigawatt pulsedpower modules drive the h-pinches, briefly reversing the magnetic field to $ À0.5 kG, then raising it forward to $0.4 kG, with field-reversal occurring by t $ 5 ls. The two CTs so formed then accelerate out of their respective hpinches at supersonic speeds, v z $ 250 km/s, and collide at the system mid-plane at about t $ 30 ls. The highly dynamical collision leads to rapid merging into an FRC with a natural lifetime of $1 ms, in the absence of subsequent NB injection. The $20 kJ kinetic energy of the two CTs thermalizes during the collision and merging process via shock heating, largely of the ions. In typical HPF discharges, an FRC thermal energy of $7 kJ is retained post merging with total temperature T i þ T e $ 1 keV and T i /T e $ 4.5-5. Note that the pre-merging CTs contain a significant toroidal magnetic field, a fraction of which may survive in the merged state. 40 
C. Equilibrium characteristics and profiles
Typical C-2 bulk equilibrium parameters at t $ 500 ls, long after the merging, are the: separatrix radius R s $ 0.35 m, separatrix half-length Z s $ 1.5 m, poloidal flux up to U P $ 10 mWb (rigid-rotor approximation), external axial magnetic field up to B e $ 0.1 T, average density up to n e $ 3 Â 10 19 m À3 , total temperature in the range of 0.7 to 1 keV (electron temperature T e $ 120 eV). The plasma lifetimes without NB injection are typically $1 ms, with the FRC separatrix shrinking radially and axially, and the temperature gradually decreasing. electron density and temperature, respectively. 13, 41 The density profile is based on Abel inverted CO 2 interferometry data, while the temperature profile is derived from Thomson scattering data. These equilibrium profiles are consistent with other FRC experiments and exhibit a hollow "double hump" structure across the diameter, characteristic of an FRC. Right after merging, the profiles are flat to slightly hollow, with more gentle gradients at the separatrix. They evolve toward a deeper hollow with steeper edge gradients.
Two key features of C-2 have a notable impact on the equilibrium, fast ions and finite SOL thickness as shown in Fig. 8 . 42 Except for the Thomson scattering data, the results come from C-2's most recent HPF campaign. First, the total temperature, T t ¼ T i þ T e , as derived from pressure balance is plotted assuming both a full rigid-rotor profile (black curve, labeled "w/SOL") and a rigid-rotor truncated at the separatrix (solid black curve, labeled "no SOL"). Notably, accounting for the SOL raises the inferred pressure-balanced temperature by $25%. Second, a direct measurement of the two temperatures, thermal-ion (ion Doppler spectroscopy), and electrons (Thomson scattering) leads to a somewhat lower total temperature (blue dashed curve). The difference between the pressure balance temperature (w/SOL) and the direct measurement total temperature is evidence of the significant current carried by fast ions and their consequent contribution to the total pressure.
Low neutral edge densities are important in all magnetic fusion concepts, but especially critical for beam-driven FRCs. In C-2, 20 keV fast ions produced by NB injection have large betatron orbits extending well outside the FRC proper with radial turning points at $55 cm. Minimizing charge-exchange losses of these beam ions requires very low neutral densities in this peripheral region. C-2 employs fans of filtered fibers to collect the radial Da emission profile, which can be Abel inverted; this, combined with the electron density profile (Fig. 6 ), yields the neutral density profile. This procedure is also benchmarked against numerical profiles derived from the well-known DEGAS2 code. 43 Careful vacuum practices combined with Li-and/or Ti-gettering have reduced neutral edge densities to insignificant levels as demonstrated in Fig. 9 . The figure shows the neutral density profile in the peripheral region, r > 0.35 m at a time t ¼ 1.2 ms when R s $ 0.3 m. Also shown for comparison is the electron density in the peripheral region (thin blue line).
D. Fast ion effects
The primary goal of the C-2 experiments is to develop the physics of advanced beam driven FRCs. Extensive experimental and computational evidence elsewhere has shown that superthermal ions slow down and diffuse classically, even in the presence of turbulent fluctuations that drive anomalous transport of the thermal plasma (see, for instance, discussion and references in Ref. 6 ). If classical behavior also applies in C-2 (and in the absence of fast depopulating effects such as charge exchange, topological asymmetries, or stochastic diffusion 16, 44 ), then NB injection will establish, within a few classical ion-electron scattering times, a slowing down distribution of fast ions that will help to sustain, stabilize, and reduce transport losses of the aggregate FRC plasma. Given the critical importance of these effects, C-2 was outfitted with multiple fast-ion diagnostics, and ample campaign time was devoted to study fast-ion effects on overall lifetime, confinement, and stability. Other efforts addressed fast-ion impact on the decay of the poloidal flux, as well as heating of electrons, the latter since fast ions predominantly heat electrons at the typical C-2 electron energy of $100 eV. Although the overall NB power coupled to the plasma ($2.5 MW) is insufficient to balance energy losses ($3.5-4 MW in the latest HPF14 regime midway through the discharge), clear signatures have appeared showing the positive impact of fast ions from many experimental observations and consistent with numerical simulations. 44 One such effect is the temporary ($1 ms) rise in the ion temperature (ion Doppler) appearing in Fig. 8 (electron heating is also observed).
Fast-ion slowing down in C-2 is derived from beamtermination experiments. These results, shown in Fig. 10 , are consistent with classical Coulomb scattering (i.e., s / T e 3/2 / n e ). The lifetime reported here is derived from the decay tails of neutron counts obtained from beam blip experiments with 15 keV deuteron-fueled neutral beams. It is also notable that the energy dependence of the slowing down time for higherenergy ions is consistent with increased charge-exchange losses, suffered from encountering higher neutral concentrations due to larger radial excursions. Based on all present data, D ions below 15 keV and H ions below 30 keV appear to be classically confined in C-2 HPF discharges.
Consider global effects of the fast-ion population, where clear performance gains accrue with increasing NB power. Figure 11 shows the improvement in diamagnetic lifetime with increased NB power, as evidenced by the slower temporal decay of the excluded flux radius. Each trace represents the average over an ensemble of similar HPF discharges, differing only in the beam power. Figure 12 shows the improvement in the plasma thermal energy decay time with increased deposited NB power. This is consistent with transport simulations produced with TAE's Q1D code, also shown in the figure. 45 Fast ions have a stabilizing effect on the rotational n ¼ 2 instability in C-2. Figure 13 depicts the effective decrease in the mode power (proportional to the square of the mode amplitude) versus injected beam power. Indeed, due to high beam power in conjunction with edge rotation control, as discussed later, C-2 is stable against rotational modes. As a final example, Figure 14 shows electron heating during recent HPF14 discharges with about 2.5 MW of NB power absorbed. Based on Thomson scattering data, the electron temperature rises by $50% in the edge between about 0.5 and 1 ms, with a lesser but notable rise in the core. Preferential edge heating is consistent with the fact that beam ions spend a large fraction of their orbits outside the separatrix. The later loss of heating is consistent with the radial and axial shrinkage of the FRC and withdrawal from the NB path. This corroborates with the resulting increase in NB shine through.
E. Stability
Most non-beam-driven FRCs show remarkable gross stability and surprising survivability even to large perturbations, such as high-speed translation and abrupt stopping of 
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the plasma. Historically, efforts to understand FRC stability have focused on three global modes, as outlined in Table II . The largest effort has addressed the tilt mode, which is unstable and rapidly disruptive according to ideal-MHD theory, 46 whereas in experiments the tilt, as a disruptive event, proved elusive. This apparent discrepancy fostered a protracted theory and simulation effort to explain the resilience. Rotational modes, on the other hand, were ubiquitous, although with a lower growth rate; they generally caused disruption of the FRC midway through its normal decay. Of the rotation-driven modes, the wobble, which radially shifts the FRC axis, and the n ¼ 2 rotational mode (n is the toroidal mode number), an elliptical distortion of the plasma crosssection, are unmistakable in typical experiments. Higherorder rotational modes are usually weaker, probably because of stabilizing finite-Larmor-radius (FLR) effects. The wobble typically saturates at finite amplitude. The n ¼ 2 mode has a higher growth rate and lower rotation threshold than the wobble and most often disrupts the FRC. It is, therefore, historically, the most concerning, but was experimentally suppressed by applying a quadrupole magnetic field. 47 Stability against n ¼ 2 modes remains a concern for beam-driven FRCs, such as C-2. Many studies have explored the effects of large-orbit ions and predicted stabilizing influences from their highly kinetic nature, and the stiffening effect arising from their large angular momentum.
1,2,6
Nonetheless, C-2 was designed to include stabilizing quadrupole fields, provided by a set of saddle coils, wound directly onto the central confinement vessel. In non-HPF operation, and without an appreciable fast-ion pressure, the n ¼ 2 mode is clearly observed and ultimately compromises the discharge.
3,14 Applying a quadrupole field (with strength at the separatrix $10% of the external field) significantly delays the onset of the n ¼ 2 mode, but cannot completely suppress it since the quadrupole field at the separatrix weakens as the plasma radius shrinks. Figure 15 shows the temporal evolution of a typical non-HPF discharge without fast-ion pressure, but with applied quadrupoles. In this example, the onset of the n ¼ 2 mode is delayed until $0.7 ms. It then appears as a large modulation in the line-integrated density signal, Ð n e d', and is also seen by tomography as an elliptical distortion of the FRC cross section, rotating in the ion diamagnetic direction. Significant n ¼ 2 activity is noticeable around 0.7-0.8 ms, leading to rapid loss of confinement.
While quadrupole stabilization can prevent or delay the elliptical deformation, it has negative attributes: (1) the quadrupole field significantly distorts the field lines near and outside the separatrix, bending them so that they intercept nearby side walls, resulting in partial wall contact and lower temperatures, and (2) since the quadrupole field breaks azimuthal symmetry, the canonical angular momentum is no longer conserved, which compromises plasma confinement and leads to rapid pump out of fast ions via stochastic diffusion to the walls. 48 Suppressing n ¼ 2 modes is, therefore, of paramount importance in an NB-driven system. A low-n asymmetry, whether quadrupole-generated or instability generated, is unacceptable. This challenge was resolved by biasing field surfaces in the SOL so as to create a radially inward electric field in the SOL, producing an E Â B drift that counteracts the FRC's natural diamagnetic rotation and spin up. Figure 16 illustrates the mechanism. The azimuthal ion flow is the sum of the 15 . Rotational instability in typical non-HPF discharge without fast particle pressure. Shown in the upper frame is the temporal evolution of the excluded flux radius, R DU , and the line integrated density Ð n e d' at the r ¼ 3.3 cm radial chord of a six-channel integrated CO 2 /HeNe interferometer system at the C-2 midplane. The lower frame shows contours of the electron density, n e , found by Abel inversion of the interferometer measurements.
FIG. 16. Contributions to ion rotational velocity.
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diamagnetic and E Â B drifts,
, where B and E are the local magnetic and electric fields, e is the electron charge, and p i is the ion plasma pressure. In typical FRCs, the edge electric field points outward so that the two drift-terms are additive, causing spin-up. Proper biasing via the plasma-gun electrodes can reverse the electric field, which opposes spin-up. Thus, this technique suppresses the effect (rotation) that drives the rotational instability, and without breaking symmetry, thereby avoiding any negative impact on fast-ion confinement. As such it is a critical element enabling stable HPF discharges in C-2. Figure 17 shows examples of line-integrated density Ð n e d' traces for non-HPF (top panel) and HPF (lower panel) discharges. With gun off, (top panel), an n ¼ 2 disturbance emerges at $0.3 ms, leading to disruption of the FRC at $0.8 ms. In contrast, with gun on (lower panel), no n ¼ 2 signature appears during the first roughly 3 ms. The oscillations appearing earlier are due to a modest, lowfrequency wobble mode. Combining edge biasing and higherpower NB injection renders HPF discharges essentially stable to n ¼ 2 modes. Figure 18 illustrates the effectiveness of the combined technique, showing that the lowest n ¼ 2 mode power occurs when the two methods are combined.
The wobble mode is of much lesser concern, as it typically saturates at lower amplitudes and rarely causes disruption of the FRC. It manifests itself as an off-axis displacement of the FRC centroid, as readily observable from, e.g., bolometry data. Line-tying between the FRC plasma and conducting end surfaces (e.g., gun electrodes) can stabilize wobble motion, with the tension of the magnetic field lines acting as the restoring force. Stability, therefore, requires sufficient plasma density ($10 12 cm
À3
) in front of the guns, as line-tying is limited by sheath resistance. Operating plasma guns at both ends and biasing the magnetic field lines to about À400 V reduce wobble in C-2 HPF discharges to negligible levels, as illustrated in Figure 19 
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biasing shows miniscule wobble. The resultant strong centering provides for more efficient coupling of the neutral beams to the FRC plasma. This is especially critical during the early discharge (>1 ms) to maximize the build-up of fast particle pressure.
The potential for tilting is inherent in the FRC topology, as it represents an anti-aligned magnetic dipole embedded in an opposing exterior field. The plasma currents generate the pressure that drives the instability. Theoretical analyses of an ideal tilt point to an extremely short growth time on an Alfv enic time scale of a few microseconds. These predict that the tilt distorts the internal field structure with very little disturbance outside the separatrix, which makes it very difficult to diagnose directly. Tilt detection must, therefore, rely on indirect inferences. The tilt growth rate is known to be reduced by elongation of the separatrix. However, actual stability must rely on other effects, particularly large-orbit ions as a result of: (1) ion skin depth effects, (2) gyroviscous stress from magnetized ions, and (3) betatron-orbit phaseaveraging, making the fast-ion population largely immune to the disturbance. Theoretically, there is a tilt stability threshold that places an upper bound on S*/E, where S* ¼ R s /(c/ x pi ) is the radial size parameter (c/x pi is the ion skin depth,
/m i ) and E ¼ Z s /R s is the separatrix elongation. The empirical stability threshold is about S*/E < 3-3.5 based on many observations of long-lived FRCs. This value is roughly consistent with the theoretical stability bound. C-2 HPF discharges are typically operated in the stable regime mainly by controlling density. Introducing a significant fastion pressure also helps. Nonetheless, indirect evidence of tilting can be observed in C-2 under deliberately adverse conditions.
To illustrate the difference in behavior, Fig. 20 contrasts a series of discharges that exhibit a partial-or totally disruptive event strongly consistent with tilting (thin lines) with an example of stable and totally quiescent operation (thick trace). The features that appear are as follows. (1) The events are preceded by a rapid buildup in midplane density (second panel from top). (2) Radiative emissions rise rapidly with a slight time delay at a location axially offset from the midplane and at the end of the FRC (second panel from bottom). The delay strongly suggests tilting activity, which is expected to produce an ejection of plasma out the ends. (3) The event is followed by a rapid axial lengthening of the FRC (bottom panel). Figure 21 makes a connection between these events and the evolution of S*/E. The time progression is from right to left. The stable discharge (solid squares) stays well below the nominal stability boundary at S*/E ¼ 3, while the two unstable shots (solid and open circles and triangles) closely approach or cross the boundary and "bounce" away. In one case (#24014), the event partially releases the stored free energy and "resets" the discharge away from the stability boundary, while in another (#24049) it causes a much more severe change.
Finally, a comment is in order on possible fast-iondriven modes and effects in C-2. To date, there is no evidence of destructive modes induced by the pronounced fast-ion population. Indeed, the macroscopic modes discussed here all benefit from the stabilizing influence of the fast ions. It is also worth noting that the ratio of fast-ion energy to plasma temperature is larger in C-2 than it will be in contemplated future higher energy facilities. The fast-ion pressure is also comparable to the plasma pressure in the C-2 HPF regime. However, the non-observance of destructive modes, while important, is not proof that fast-ion induced activity does not occur. In fact, there is both theoretical and experimental evidence of fast-ion-related magnetic fluctuations in C-2. 44 Experimentally, in HPF deuterium discharges, FIG. 21. Evolution of S*/E parameters for stable (solid squares) and unstable (circles and triangles) discharges. Also shown is the nominal tilt stability boundary at S*/E ¼ 3. Open symbols indicate the further progression of the discharge after onset of instability.
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these fluctuations appear in the azimuthal magnetic field, B h , near the fast ion orbit frequency, and scale linearly with magnetic field. Higher NB power decreases the broadband magnetic fluctuations and also appears to reduce the peak fluctuation amplitude. In C-2 simulations, the fluctuations primarily appear in the radial magnetic field, B r , at about twice the fast ion axial bounce frequency. These fluctuations redistribute fast ions away from the axial turning points.
F. Confinement
The pristine environment of C-2 with its macroscopically stable, well-centered, and relatively quiescent discharges has enabled imaging of broadband density turbulence in detail for the first time in an FRC (in the core and SOL). Measurements in previous FRCs have been largely restricted to coherent mode magnetic fluctuations, 49 high frequency modes (in particular, lower hybrid drift instabilities 50 ), or probe measurements near the FRC boundary or separatrix. In contrast, DBS measurements allow nonperturbing measurements of the FRC core and edge plasma, and determination of the toroidal turbulence wavenumber spectrum. The plasma-frame frequency spectrum of modes investigated here peaks below 100 kHz (below the ion cyclotron frequency), however, the detected DBS spectrum is dominated by the Doppler shift as a result of toroidal E Â B plasma rotation, as described in more detail in Ref. 38 . The DBS diagnostics is complemented by FIR laser forward scattering as described in Ref. 37 .
As a direct result, various critical confinement properties of C-2 plasmas are clearly emerging. Figure 22 shows the relative density fluctuation profile from the DBS system. The radius coordinate is referenced to the excluded-flux radius location, which is roughly the same as the separatrix radius so that negative values are in the core and positive in the SOL. The core is quiescent, and the fluctuations rise significantly in the SOL. Figure 23 shows the density fluctuations from the FIR system. These results correlate with the picture emerging from DBS, namely, relatively quiescent behavior in the core with peaking fluctuations in the SOL. Evidently, the absolute fluctuation levels peak in the locals where the density and temperature gradients are steepest, namely, at or just outside the separatrix. While the relative fluctuation amplitudes increase with radius in the SOL. Most importantly, C-2 HPF plasmas exhibit very low fluctuation levels in the core.
Comparing the nature of fluctuations in the non-HPF and HPF regimes, certain features stand out. In the non-HPF case (e.g., plasma gun off), a high level of fluctuations appear throughout the discharge as seen in the top panel of Fig. 24 , while in the HPF regime (e.g., plasma gun on), the fluctuation level is several times lower (see Fig. 24 , lower frame). Evidently, HPF operation dramatically reduces fluctuation. Further, the measured E Â B flow has little shear in "non HPF," while it has a large pronounced shear in HPF, as shown in Fig. 25 . This is evidenced by the E Â B shearing rate x EÂB exceeding the turbulence decorrelation rate Dx D near and outbound of the separatrix. Clearly then, one of the key demarcations between non-HPF and HPF regimes is the presence of shear flows, which also correlates with the suppression of fluctuations. These trends are reminiscent of the L to H-mode transition in tokamaks. 51 Figure 26 shows wavenumber spectra of the observed fluctuations. Outside the separatrix (R s þ 5 cm) is an exponentially falling spectrum with ion gyro-scale turbulence (Fig. 26, right panel) . Here, k h is the azimuthal wavenumber and q s is the ion sound gyroradius. Inside of the separatrix (core, R s À 5 to 8 cm), the fluctuations are depressed by an order of magnitude at k h q s < 10 ( Fig. 26, left panel) . This highlights the importance of large orbits and shear effects in reducing fluctuations. On the other hand, the core spectrum broadly peaks in the wavenumber range k h q s $ 15-45 with the core fluctuations out to k h q e $ 0.3 (q e is the electron gyroradius), i.e., the core fluctuations suggest the presence of electron modes. As conjectured in the 1990s by Rostoker and Binderbauer, 6 a population of large-orbit ions, especially in NB-driven FRCs, can average out short-wavelength fluctuations and as such substantially stabilize both macroscopic and microscopic modes. Because of the latter, this effect also suppresses transport driven by microscale modes. On the other hand, modes on the pronounced sub-ion gyroradius scale (higher k h q s ) as observed presently are not strongly influenced by large-orbit ions. For C-2 parameters, electrontemperature-gradient modes are not prominently unstable as
where L N and L Te are the density and electron temperature gradient lengths, respectively. The nature of these electron modes is currently under active investigation. 52 In view of these fluctuation measurements, one expects that improved global confinement of particles and energy might accrue in the reduced-fluctuation HPF environment. In C-2 FRCs, where even the thermal-ion gyroradius is significant, ions tend to behave near classically, while the electron physics drives anomalous transport. Figure 27 plots the electron energy confinement time, s Ee , versus electron temperature for two ensembles of C-2 HPF conditions (HPF12 and HPF14). The most notable feature of these observations is the strongly favorable T e scaling of the confinement time. Current best fits of C-2 data show s Ee / T e 1. 6 . This scaling is in stark contrast to the well-known Bohm scaling which has s Ee $ T e
À1
. Such scaling differences have also been observed in recent experiments in spherical (high-beta) tokamaks. 53 In parallel to improvements in energy confinement, HPF plasmas in C-2 also exhibit dramatic improvements in particle confinement when compared to past FRC experiments. 
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Phys. Plasmas 22, 056110 (2015) This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation. . Clearly, the HPF particle confinement time in C-2 is dramatically higher than conventional FRCs. Moreover, it departs completely from the standard scaling law with optimized C-2 conditions exhibiting a tenfold improvement in particle confinement at similar plasma size. It is important to note that the current C-2 plasma is already quite collisionless: the ion mean-free-path is far greater than the FRC dimensions such as R s , and the electron mean-free-path is also longer. This lends support to the notion that the currently observed transport may be generically similar to that in the regime of projected future reactors. It is, thus, critical to ascertain on how this will manifest in a future facility that extends plasma parameters much beyond C-2, and further into the collisionless regime.
A further topic of interest is the nature of the relationship between FRC core and SOL confinement. One notes that particle and energy transport times across these regions are sequential, i.e., it takes a composite time for particles and energy to get lost from the core to the outside of the FRC system by both experiencing the transport processes in the core and then in the SOL. On the other hand, the respective confinement times themselves are also coupled with each other. An illustrative example of this interdependence is provided by studies in C-2 where the SOL conditions are changed by modifying the magnetic field strengths of the formation, B FS , and mirror plugs, B plug . As illustrated in Figure 29 , increasing both B FS and B plug considerably improves the global electron energy confinement time, s Ee . Furthermore, the increase in B FS is a prerequisite for the increase in B plug to have a favorable effect on confinement. Minimizing the SOL end loss rate calls for higher B FS to prevent substantial wall contact in the formation tubes and to enable the possibility of particles being "bounced back" by the mirror plugs. Moreover, improving the end confinement time in the SOL broadens the SOL and reduces its gradients. This in turn reduces the edge fluctuations and thus reduces the transport rate out of the core (edge-gradient dependence of the core). In terms of global performance, the most recent HPF experiments (HPF14) clearly demonstrate the positive ramifications of the core-SOL coupling, as seen in Figures 1, 2, 27 , 28, and 29, which collectively illustrate the correlation between FRC lifetime and the SOL control knobs discussed here.
Overall, critical transport findings in C-2 can be summarized as follows:
(1) The fast-ion confinement appears to be classical. (3) In the edge, fluctuations peak in the SOL region near the separatrix. The fluctuation spectrum shows exponentially falling ion gyro-scale turbulence up to k h q s < 50. There is tentative evidence of a critical density gradient, controlling the onset of density fluctuations. 54 If so, the density gradients adjust self-consistently toward the critical value. 55 (4) Furthermore, the transport phenomena in the core and in the SOL are close-coupled. Control-knobs have been employed that affect the SOL transport, which in turn influences the core transport. The SOL turbulence can affect the overall FRC lifetime and confinement. (5) There may be a thermal barrier near the separatrix, a topic under active investigation.
III. NEXT STEPS
Given the success with and insights gained by operating C-2, which was designed to study the limiting physics of stability and transport, TAE is now installing a major upgrade, C-2U. This is motivated by two main considerations: (1) After breakthrough confinement and stable operation in the C-2 HPF regime, the next most interesting physics question is whether neutral beam based current drive is feasible in beam-driven FRCs. (2) The beam-plasma coupling efficiency in C-2 is primarily limited by the shrinking FRC size, fast ion energy relative to magnetic field, as well as physical location and aim of NB injectors. The key improvements in C-2U are specifically directed towards addressing these concerns via a major upgrade to the NB system as well as the location and orientation of individual injectors. The ultimate goal of C-2U is to demonstrate FRC sustainment via NBI and refueling. This means that key plasma parameters such as thermal energy, particle inventory, and trapped flux will need to be maintained at appropriate levels throughout the discharge, with substantial decay only evident post NB termination. To make a strong case, this further requires the sustained FRC lifetime to be on order of or longer than the characteristic times scales associated with confinement (s E Շ 0.8 ms, s N Շ 2 ms), fast ion slowing down (s s Շ 3 ms), and current decay (s L/R Շ 3 ms). Based on C-2 data and the fact that C-2U will operate at similar plasma performance, a "flat" phase of 5þ ms in C-2U should be sufficient.
Present results clearly point to the need for more power to sustain the configuration. In C-2, the plasma looses an aggregate of about 3.5-4 MW about midway through the discharge. Even under perfect conditions, the present NB system cannot maintain the plasma energy vis-a-vis these losses. This prompts an upgrade in overall beam power from about 4 MW in C-2 to 10 MW in C-2U. To further increase the coupling of injected fast ions to the core, the energy of the C-2U beams will be reduced from 20 keV to 15 keV at close to triple the equivalent neutral current.
Moreover, because of the energy, particle, and flux losses, the FRC is shrinking throughout the discharge, with the rate of axial contraction outpacing the radial decrease. This presents a major coupling challenge. In C-2, most NB injectors are distributed along the machine axis; with the consequence that total shine-through increases considerably when outer neutral beams begin to miss the shrinking core plasma. To safeguard against that, C-2U will locate all beams very close to the machine center and also aim the beams at a 15 -25 angle (adjustable per C-2U campaign objectives) relative to the machine mid-plane. A basic layout is indicated in Figure 30 . This angled tangential injection will further reduce the radial scale of the fast ion orbits and provide better coupling to the core. In addition, the beams new axial kinetic energy will cause considerable axial spread of fast ions and increase the turning point pressure near the FRC ends, further counteracting shrinkage. Based on extensive C-2U simulations, calibrated on C-2 data, the more central locations and angled NBI, combined with lower ion energy and higher current, will dramatically increase the coupled power throughout the discharge and help to sustain the FRC. Based on the same simulations, particle inventory control will require auxiliary fueling via pellets and/or compact torus injection, 56 both of which have been tested and validated in C-2.
IV. SUMMARY
Over the past 5þ years, the C-2 program has demonstrated effective FRC formation via collisional merging, long lifetime FRC discharges, stability control and fluctuation suppression from the edge, and the dramatic beneficial impact of fast ions on overall plasma performance. The considerably abstracted and fully automated machine operation testifies to the mature engineering integration of the many highly complex subsystems. Most importantly, careful performance optimization led to the discovery of the HPF regime, which is characterized by (1) macroscopically stable discharges (lifetime only limited by transport), (2) excellent shot-to-shot reproducibility, (3) dramatically reduced transport rates (up to an order of magnitude improvement compared to non-HPF regime), (4) minimized radiative losses, (5) record diamagnetism lifetimes (exceeding 5 ms), (6) FIG. 30 . CAD based rendering of the revised central section of C-2U, showing location and aim of the upgraded neutral beam injectors.
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coupled FRC core-to-SOL transport paradigm (a double transport barrier, intercoupling core, and SOL physics), and (7) emerging global energy confinement scaling with strong positive temperature dependence. Together these achievements anticipate sustainment techniques to be exploited and further enhanced in future TAE facilities. In fact, heating, current drive, and overall sustainment appear to be within reach of a selective C-2 upgrade, C-2U, with operation starting in early 2015. Collectively, these accomplishments represent a dramatic advance towards the FRC relevant scientific goal of "demonstrating that a compact toroid with simply connected vessel can achieve a stable, long-pulsed plasma at kilovolt temperatures with favorable confinement scaling to proceed to a pre-burn CT plasma experiment."
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